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Plasmonics is an attractive and promising technology in overcoming the data processing 
capability limitations of conventional electronics. It exploits the unique optical properties 
of nano-scale metallic structures. The research reported in this thesis mainly aims to 
fabricate large-area metallic nano-structures, achieve multiple surface plasmon 
resonances (SPR) and investigate the tunability of SPR by making use of different 
methods.  
Currently, most commonly used approach in patterning metal film is focused ion-beam 
lithography (FIB) or electron-beam lithography (EBL).  However, this approach has 
limitations in wide industrial applications due to the disadvantages of high cost and low 
throughput. Therefore, laser interference lithography (LIL), a fast and maskless 
lithography technique, has been used in this thesis for large-area parallel patterning. This 
technique involves two coherent laser beams to generate periodic or quasi-periodic 
patterns on photoresist. It has great advantages in low cost, high speed and simple 
operation. After the large-area patterns formed on the photoresist layer, etching approach 
is employed to transfer the pattern to the thin metal film layer.   
Multiple surface plasmon resonances are highly desirable because of their potentials in 
tailoring SPR to various desired positions. In this thesis, three SPR transmission peaks 
have been observed through the nano-patterned thin gold film with large-area periodic 
nano-features array. Besides the characteristic peak of gold material, other two peaks in 
longer wavelengths are supported by the interactions between LSPs and the coupling 
between localized surface plasmon (LSP) and surface plasmon polariton (SPP). Since 
 vi
Summary 
LSP is highly sensitive to the nano-structure’s material, size, size distribution, shape, 
period and surrounding environment, the tunable SPR wavelength in the visible and near 
infra-red regions has been achieved by changing these parameters of the metallic nano-
structures. 
Up to five methods have been employed in this thesis to tune the SPR peak position and 
intensity. Firstly, the transmission optical properties of rough, continuous metal film and 
periodically nano-patterned metal film have been compared. Both of them have LSP 
peaks, but nano-patterned films have one more peak due to the interactions between LSPs. 
Secondly, the SPR peak wavelengths have been tuned by adjusting the shape of the nano-
patterns. Nano-rod array patterns fabrication by LIL technique is first presented. By 
changing the rotation angle between two LIL exposures, the shape of photoresist patterns 
has been tuned. Nano-rod array patterns were achieved when rotation angle is 300. 
During the rod-to-dot morphological transformation, the positions of SPR peaks have 
been changed a lot. Thirdly, thermal effect on tuning the SPR has been investigated. High 
temperature thermal annealing could improve the smoothness of the nano-particle surface 
and shrink the nano-dot to a more ball-like shape. Therefore, the shoulder peaks before 
thermal annealing disappears and the intensity of main peak is enhanced a lot after 
annealing. Fourthly, the shift of SPR based on the nano-pattern array period has been 
demonstrated. Red-shift of SPR peaks accompanied with the increasing of the period. 
Lastly, magnetic metal material Nickel (Ni) was first used to investigate the relation 
between SPR and magnetism. Ni/Au and Ni/Ag bi-metallic layer structures were 
employed. It was found that no new SPR peak emerged with the addition of Ni, but the 
damping and broadening of the peaks supported by noble metal Au/Ag.  
 vii
Summary 
In conclusion, novel nano-structures have been fabricated by LIL and the tuning of the 
multiple SPR peaks has been achieved.  Several approaches in tuning SPR peaks have 
been developed and detailed mechanism of multiple SPR has been carefully investigated 
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Chapter 1 Introduction 
CHAPTER 1  
INTRODUCTION 
 
1.1 General background 
 
The ever-increasing demand for faster information transport and processing capabilities of 
our date-hungry society has driven the scaling of electronic devices greatly and 
meanwhile, has brought about a myriad of great challenges. However, apart from 
considerable fabrication challenges, further size reduction of nano-electronic circuits will 
be governed by the constraints imposed by the switch to quantum information processing 
and ultimately by the physical limits of computation imposed by energy consideration. [1] 
Optical interconnects may be particularly attractive for future chips with more distributed 
architectures due to its unimaginable large data carrying capacity. [2]  
Unfortunately, their implementation is hampered by the large size mismatch between the 
electronic and dielectric photonic components. The miniaturization of photonic devices 
for guiding and confining electromagnetic energy to size scales compatible with those of 
highly integrated electronic circuits currently poses one of the biggest challenges for the 
information technology industries. [1] Plasmonic technology, which is based on surface 
plasmon and exploits unique optical properties of nano-scale metallic structures to 
manipulate light at the nano-scale, may offer a solution to overcome this size-
compatibility problem by integrating electronic and conventional photonic technologies.   
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FIG. 1.1 Operating speeds and critical dimensions of various chip-scale device 
technologies, highlighting the strengths of different technologies. [2] 
 
The interaction of light with matter in metallic nano-structures has led to this new branch 
of photonics called plasmonics, therefore,  metal nanostructures possess exactly the right 
combination of electronic and optical properties to tackle the issues outlined above and 
realize the dream of significantly faster processing speeds. Nano-structured metals show 
very complex and interesting optical properties. The most striking phenomenon 
encountered in these structures is electromagnetic resonances due to collective oscillations 
of the conduction electrons called plasmons. 
 
1.2 Recent progress in plasmonics research and development 
 
More recently, the development of various nanofabrication techniques, such as electron-
beam lithography, ion-beam milling, chemical synthesis and self-assembly, together with 
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modern nano-characterization techniques, such as dark-field and near-field optical 
microcopies and the emergence of quantitative electromagnetic simulation tools,  has led 
to a significant progress in the research into surface plasmons and their applications.  
 
 
1.2.1 Fabrication techniques 
 
To exploit fully the properties of plasmon modes requires the use of a number of both 
well-established and novel fabrication techniques to generate effective metallic nano-
structures. Fabrication methods typically involve either growing the particles within 
solution or lithographic techniques whereby material is deposited through a patterned 
mask. Therefore, the current fabrication techniques employed can be generally divided 
into two categories: top-down and bottom-up approaches.  
Top-down approach is a powerful means to explore a wide range of structures with the 
advantage of excellent control. Top-down fabrication generally starts with a substrate 
covered by thin layers of dielectric or plasmonic materials, and the surface patterning 
comprises different steps of electron beam lithography combined with dry or wet etching 
processes. [3] However, they are expensive, slow and limited in the sample size that can 
be produced.  
The best-established and most versatile tool is probably electron-beam lithography (EBL), 
which has the capability of high resolution with good reproducibility, as a result of the 
short wavelengths associated with high-energy electrons. [4] A related technique focused 
ion-beam (FIB) milling, allows the processing of existing planar films, for example by 
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fabricating arrays of holes, or by cutting trenches to enable guiding of plasmons. [5] As an 
advantage of EBL, this technique can be used to directly deposit metals as patterned 
nanostructures by decomposing suitable precursors. [3] Although this lithography 
technique can be used over much larger areas, it is in general limited to simple periodic 
patterns and requires an expensive instrument system. Less expensive and more parallel 
methods for producing lithographic masks utilize self-assembly techniques (nanospheres 
lithography), which has permitted the fabrication of periodic arrays of metallic [6] and 
magnetic nano-particles [7] and arrays of holes in a continuous metallic films. [8]  
Bottom-up processes tend to involve the chemical deposition of materials using 
electrolysis or the reduction of ionic compounds contained in solution, and a variety of 
shapes can be produced. [9] Direct chemical synthesis of metallic particles is perhaps the 
dominant bottom-up technique. Core/shell particles [10], rods [11, 12] and wires [13] are 
among the many shapes that can be fabricated in addition to spheres. These and other 
techniques allow a wide variety of metallic structures to be made with features down to 
the nanometer scale. 
 
 
1.2.2 Shape and structure 
 
The surface plasmon resonance peaks of metallic nanostructures can be tuned in a wide 
region by controlling their shapes and structures (solid vs. hollow).  Thus, many efforts 
have been focused on investigating the properties of the plasmon modes that different 
metallic nanostructures support. Recently, sophisticated modern fabrication methods have 
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been developed that allow for the fabrication of metal nanostructures of a variety of 
shapes and structures, as shown in Fig. 1.2. Most popular noble metal nanostructures are 
nanoparticles (spherical and spheroidal particles), nanorods and nanoshells.  
 
 
FIG. 1.2 Schematic illustration of nanostructure shapes. The shapes in the top row are 
single crystals, in the second row are particles with twin defects or stacking faults, and in 
the third row are gold shells. [19] 
 
 
The resonant electromagnetic behavior of noble-metal nanoparticles is due to the 
confinement of the conduction electrons to the small particle volume. For particles  with a 
diameter smaller than the wavelength of incident light (d ≤ λ), the conduction electrons 
inside the particle move all in phase upon plane-wave excitation with radiation of 
wavelength λ, leading to the buildup of polarization charges on the particle surface. [20] 
For larger particles, the spectral response is modified due to the excitation of higher-order 
(quadrupole and higher) modes [21] and retardation effect. [22] Thus, the surface plasmon 
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resonance (SPR) peak of larger particles usually shifts toward higher  wavelength and new 
peaks may also appear. For example, for gold nanospheres about 50 nm in diameter, the 
SPR peak is positioned at 520 nm. This peak shifts slightly to the red and becomes 
broader as the particle diameter increases to 100 nm. The broadening can be attributed to 
the enhanced radiation damping for large particles. [23] The size tunability of Au 
nanoparticles SPR peaks is shown in Fig. 1.3.   
 
 
FIG. 1.3 UV-Visible extinction spectra of spherical Au nanoparticles of different sizes 
ranging from 9 to 99 nm showing size tunability of the SPR. [24] 
 
 
Changing the shape of nanospheres to spheroidal particles results in the emergence of a 
new SPR band at longer wavelengths. For spheroidal particles, the plasmon resonance 
thus splits into a strongly red-shifted long-axis mode (polarization parallel to the long axis) 
and a slightly blue-shifted short axis mode (polarization perpendicular to the long axis). 
[25]  
Similar optical properties have also been observed for nanorods. In 1912, Gans modified 
Mie theory and predicted that for rod-shaped particles, the SPR band would split into two 
 6
Chapter 1 Introduction 
modes due to different orientations of the rod with respect to the electric field of incident 
light. [26] By controlling well the aspect-ratio of the nanorods, the longitudinal plasmon 
band can be tuned to continuously shift from the visible to the near infra-red region as the 
aspect-ratio of the nano-rod increases. In contrast, the transverse resonance only shows a 
minor blue shift. [23] The SPR peak shift phenomenon is illustrated in Fig. 1.4 below. 
So far, a variety of methods have been demonstrated for preparing gold nanorods such as 
the template-directed method pioneered by Martin and others [27], the electrochemical 
deposition method introduced by Wang [28], the seed-mediated growth method 
demonstrated by Murphy [29], and the photochemical reduction method recently reported 
by Yang [30]. 
 
 
FIG. 1.4 UV-Visible absorption spectra of Au nanorods with different aspect-ratios. The 
average lengths (L) and widths (w) for the different spectra are as follows: (a) L = 46 ± 6 
nm, w = 20.7 ± 2.3 nm; (b) L = 61 ± 5 nm, w = 21.5 ± 1.9 nm; (c) L = 73 ± 4 nm, w = 
22.1 ± 1.5 nm; (d) L = 75 ± 6 nm, w = 22.4 ± 1.7 nm; (e) L = 89 ± 7 nm, w = 22.2 ± 2.0 
nm; (f) L = 108 ± 7 nm, w = 22.8 ± 1.6 nm. The right panel shows a representative TEM 
image of the sample corresponding to left spectrum. [23] 
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Furthermore, composite nanostructures have attracted much interest due to their great 
tunable ability over a broad range of the electromagnetic spectrum. One of the most 
popular composite structures is dielectric/metal core/shell structure, consisting of a 
dielectric core coated with a few nanometers to a few tens of nanometers of a metal, 
usually gold or silver. Halas and co-workers were the first authors to produce gold 
nanoshells with a dielectric core and they further demonstrated that the SPR peaks of gold 
nanoshells could be conventionally tuned by controlling the ratio of shell thickness to 
particle diameter. [31] The “seed and grow” chemical deposition and synthesis method 
has been actively explored as a generic route to prepare core/shell particles. Noble metal 
was directly deposited onto dielectric colloidal spheres since they can easily grow into 
large particles once they have been nucleated. [32, 33] 
Since chemical synthesis method of preparing core/shell structures is not well satisfied in 
controlling the coverage, thickness and smoothness of the metallic shells, multilayer 
structures have been developed with the advantage in simply controlling these parameters. 
Professor Xiang Zhang’s group reported an Au/ SiO2/ Au nanodisk structure with 
significant augmented SPR peaks. Such multilayered nanodisks were prepared on quartz 
substrates by electron beam lithography (EBL) and exhibit the advantage in tailoring the 
SPR wavelengths to desired values by simply varying the dielectric layer thickness.  [34] 
To achieve very sharp resonances, some typical structures with sharp geometrical features 
have been designed and investigated, including nano-cubes [38], star-shaped particles [39, 
40] and nano-prisms. [41, 42]  
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FIG. 1.5 Schematic illustrations of nanostructures: (A) nano-star and (B) nano-prisms. 
 
One can go beyond by simply modifying the topology of the nanoparticles. Ring-shaped 
structures may exhibit symmetric and anti-symmetric modes akin to the coupled surface 
plasmon-polariton (SPP) modes. [35, 36] Nano-pin composite structure exhibits highly 
tunable optical properties by combining a metal-capped dielectric pillar upon a ring-
shaped metallic disc. The two metallic pieces play asymmetrical roles in their coupling to 
each other due to the drastic size difference. [47] Additionally, rings and split-rings 
structures are also extensively studied to achieve multiple higher order resonances. [37] 
Another interesting novel nanostructure is called “nano-crescent”, as it is a spherical 
nano-cavity with an aperture and resembles an axio-symmetric crescent moon. The 
sharpness of the aperture edge serves as a near-field amplifier, and its interaction with the 
inner spherical cavity tunes the SPP resonance wavelength of the whole structure. [43] 
Another unique structure worthy of mentioning is bowtie antenna, which has 
demonstrated strong optical field enhancement between adjacent cusps. It is composed of 
two flat metallic equilateral nano-triangles symmetrically deposited on a transparent 
substrate so that a narrow gap separates two opposing tips. Strong optical fields localized 
near the tips were generated well beyond the diffraction limit, [44] hence making such 
 9
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design a promising structure for super-resolution imaging. [45] Figure 1.6 shows the 
images of the particular nano-structures mentioned above.  
 
 
FIG. 1.6 Schematic illustrations of some particular nano-structures: (A) nano-crescent; (B) 
nano-pins and (C) bowtie-shaped antenna and aperture.  
 
 
1.3 Current challenges 
 
Surface plasmons clearly have a broad range of technological applications. They provide a 
powerful tool for controlling, manipulating, and amplifying light on the sub-wavelength 
scale, enabling the realization of highly complex nano-scale devices, such as sensors [14], 
light sources [16], filters, polarizers, solar cells [15] and waveguides [17, 18]. For most of 
the applications associated with surface plasmons, generating metallic nanostructures with 
controllable sizes, shapes, and structures represents significant challenges to the 
fabrication techniques. [19]  
Although EBL and FIB have become the tools of choice for producing arbitrary patterns, 
the concern of attaining high-throughput fabrication continues to be a major challenge 
with these two techniques. Nano-sphere lithography (NSL) works as an alternative that 
(A) (C) 
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can be used to pattern large areas in parallel, but this technique remains sensitive to 
defects, distortions, and domain boundaries that naturally appear when spherical colloids 
assemble on flat substrates. [3]  
Meanwhile, there are often complicating factors in understanding the optical properties of 
the various nanostructures, including the presence of a supporting dielectric environment, 
a substrate layer, and the strong electromagnetic coupling between different building units. 
[46, 47] All of these factors bring great challenges in figuring out the surface plasmon 
mechanisms behind arbitrary nanostructures and geometries, and thus motivate extensive 
and deep explorations into this promising area.  
 
 
1.4 Research objectives and contributions 
 
In response to the current challenges in both nanostructure fabrication techniques and 
nanostructure controllability and tunability mentioned in the previous part, we have 
investigated the feasibility of using laser interference lithography to fabricate nano-
patterns with periodic geometries. Some novel geometries have been proposed and 
demonstrated, and the mechanism of the surface plasmon resonance behind these 
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1.4.1 Large-area nanostructure fabrication 
 
The main metallic nanostructure fabrication methods, such as EBL and FIB, have the 
drawbacks of low speed and high cost, which is unsuitable for future industrial 
applications. Therefore, in our present study, we have used a fast and maskless fabrication 
technique—laser interference lithography (LIL) for large-area parallel surface patterning 
on the photoresist layer and then transferring the nano-patterns to the thin metallic film 
via lift-off approach or metal etching approach.  
LIL is a technique of writing periodic or quasi-periodic patterns using the two coherent 
interference laser beams. The main setup only involves the laser source and a Lloyd’s 
mirror interferometer, which is cheap and flexible to operate. By changing the angle 
between the mirror and sample holder, the period of the nano-patterns can be tuned to 
desired values. Furthermore, we have adopted double exposure procedures to achieve the 
two dimensional nano-patterns array. Such procedure also provides the flexibility in 
photoresist patterning with tunable shape and size. In previous publications and reports, 
most of the study in interference lithography has been focused on fabricating nano-dot and 
nano-line array structures. Our work is based on this traditional advantage in fabricating 
large-area nano-dot array. However, we have extended this technique further in designing 
and achieving various shapes, such as nano-rod and nano- rhombus. We have, for the first 
time, realized the effective and continuous tuning of SPR by changing the structure shapes 




Chapter 1 Introduction 
1.4.2 Tuning of surface plasmon resonance 
 
Understanding and controlling plasmon resonances from metallic nano-scale structures 
have been the focus of much attention recently. Up to now, extensive research have been 
made to realize the flexible tuning and controlling of SPR, including the selection of 
appropriate metal and the surrounding dielectric material, the roughness of the interface 
between the metal/dielectric layer, the geometry and the size of the nanostructures.  
Noble metals (Au and Ag) are the favorite candidates because they have sharp and 
obvious SPR bands and their SPR wavelengths lie in the visible and near infra-red regions. 
Therefore, we present our study mainly in the optical properties of gold nanostructures. 
The observation of multiple gold SPR peaks is highly desirable because of their great 
potentials in tailoring SPR to various desired positions. Therefore, the main objective of 
our study is to obtain the multiple plasmon modes by fabricating unique nanostructures 
and then changing the other parameters of the structure, including size, period, surface 
roughness and film thickness. We have successfully achieved the nano-chain structure, 
nano-dot array structure and nano-rod array structure with different periods and sizes, and 
investigated their optical properties via UV-Visible spectroscopy. Moreover, we proposed 
a novel method to tune the SPR of metallic nanostructure by thermal annealing, which 
could adjust the surface roughness and the size of the structure.  
With the above-mentioned studies, the present work provides information on a flexible 
metallic nanostructures fabrication method and the optical properties of these structures. It 
not only provides data for fundamental research, but also helps to improve the 
performance of the SPR’s potential applications.  
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1.5 Thesis Outline 
 
This thesis is divided into 6 chapters and their contents are briefly described below: 
 
Chapter 1 gives a basic introduction of surface plasmon and its significance and 
applications, and reviews the recent progress and major challenges in plasmonics research. 
Fabrication techniques of metallic nanostructures are presented, and the feasibility of 
tuning the surface plasmon resonance by adjusting the parameters of the nanostructures is 
highlighted. The objective and contributions of this study are also addressed. 
Chapter 2 introduces the basic mechanism and theoretical background of the surface 
plasmon. Different plasmon modes supported by various metallic nanostructures are 
briefly described. The software simulation results of experimental structures are also 
provided and discussed.  
Chapter 3 introduces the experimental setup. The principles of the laser interference 
lithography and its setup are presented. The major optical characterization tools are also 
briefly described.  
Chapter 4 describes the detail procedures of the fabrication of metallic nanostructures. 
The factors that affect the patterns resolution are studied and discussed with different 
operation parameters, such as photoresist type, time of exposure and development, and 
light incident angle. Experimental results are shown as the complementary statement of 
the above discussion.  
Chapter 5 investigates the tunability of surface plasmon resonance. Metal materials such 
as gold, which has the most obvious SPR band in the visible and near infra-red regions, 
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and nickel, which is a promising candidate for future magnetic plasmon research, are 
selected for the study. Several novel nanostructures are designed and obtained by 
changing the parameters during the laser interference lithography procedures. 
Subsequently, thermal annealing tuning of the surface plasmon resonance has also been 
investigated.  
Chapter 6 concludes the results of the study and lists out some future research proposals 
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The understanding of optical properties of metal nanostructures requires knowledge of the 
basic theory of the surface plasmon. In this chapter, we introduce some fundamental 
concepts and principles needed to explain our experimental results. CST simulation 
results are also shown to give the prediction and explanation of the experimental results.  
 
2.1.1 Drude model 
 
The Drude model, developed by Paul Drude (1900), is based on the kinetic gas theory, 
which has produced a number of successes in describing the properties of metals. It 
assumes that the material contains immobile positive ions and an "electron gas" of 
classical, and non-interacting electrons of density n. When atoms of a  metallic element 
are brought together, the valence electrons become delocalized and free to move through 
the metal between independent collisions with unspecified collision centers, while the 


















FIG. 2.1 Schematic drawing of the isolated atom (left) and metal (right). 
 
Under an external field, the electrons are accelerated between collisions resulting in a drift 
motion. In reality, only electrons near the Fermi level contribute, because the Pauli-
exclusion principle does not allow deeper-track lying electrons to change their electronic 
state. Band-structure corrections lead to a modification of this motion.  
Many (but not all) properties of real metals, including their optical properties as described 
by the frequency dependent dielectric function ε (ω), are well predicted from this simple 
model. The resulting equation is [1]:  
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with ωp is the so-called plasma frrequency and 0γ the electron relaxation rate. ∞ε includes 
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1 if only the conduction band electrons contribute to the dielectric function.  
 
 
2.1.2 Surface plasmon polariton 
 
Although the emphasis of this thesis will be on the interaction of surface plasmon 
polariton (SPP) with rough and nanostructured surfaces and thin films, it is useful to 
preface the discussion of these interactions with a brief summary of those properties of 
surface plasmon polariton on smooth surfaces. 
Surface plasmon polariton is an electromagnetic excitation that propagates in a wave-like 
fashion along the planar interface between a metal and a dielectric medium, often vacuum, 
and whose amplitude decays exponentially with increasing distance into each medium 
from the interface. [2, 3] The main result obtained for surface plasmons at a flat metal-
dielectric interface is a functional relation between the wavenumber spκ of the surface 
plasmon polariton and the frequency ω , the so-called dispersion relation:  









ωεεωκ                                                                       (2.2) 
with 1ε  is the real dielectric constant of the isotropic dielectric material, )(ωε  the 








)( , the 
photon momentum photonκ  is given by the relation photonκ  = ω / c. The corresponding 
dispersion curve is shown in Fig. 2.2.  
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Plane wave (photons) 
Surface plasmon 
FIG. 2.2 Dispersion relation of SPP at a dielectric-metal interface. The low energy modes 
are true surface plasmon polariton, the high energy modes propagate into the bulk. The 
dotted line presents the stationary limit of non-propagating surface plasmon.  
 
As long as the dielectric function for the metals is strongly negative (generally the case for 
metals), the momentum of surface plasmons is larger than that of the plane wave. 
Consequently, the surface plasmon polariton cannot radiate light into the dielectric 
medium, and be excited by conventional illumination from the adjacent dielectric. Due to 
ohmic loss in the metal, characterized by the imaginary part of the dielectric function of 
the metal, the energy carried by a SPP decays exponentially as the SPP propagates along 
the planar dielectric-metal interface. The high energy mode shown in Fig. 2.2 should be 
neglected because these modes also propagate into the bulk and thus are not true surface 
 24
Chapter 2 Theoretical Background 
 
modes. Therefore, the optical properties of metals are dominated by excitations of 
electrons from deeper lying bands.  
 
 
2.1.3 Localized surface plasmon 
 
The surface excitation in bounded geometries, such as metallic particles or voids of 
various topologies, is called localized surface plasmons (LSP). [4] The frequency of an 
LSP can be determined in the non-retarded (electrostatic) approximation by solving 
Laplace’s equation with suitable boundary conditions. The electrostastic approximation, 
which neglects the effects of retardation, is valid if the characteristics size d of a system is 
small compared to the wavelength λcorresponding to the LSP frequency, d ≤ λ. For the 
case of a metallic sphere of radius R, embedded in a medium of dielectric constant 0ε , the 
dispersion relation of the frequencies of the LSPs is [5]:  





ωε .                                                  (2.3) 
For a metal described by the free electron form of the dielectric function, its dielectric 
function could be derived from Eq. (2.1):  
                                                  ε (ω) = 1- ωp2/ ω2 .                                                 (2.4)   
∞ε has the value of 1 since only the conduction band electrons contribute to the dielectric 
function. 
Therefore, the solutions of Eq. (2.3) are given by   
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l ++= εωω p , ,...3,2,1=l                               (2.5) 
For small spheres, only the dipole-active approximation ( = 1) is important. As the size 
of the sphere increases, the contributions of higher multipoles become more and more 
significant, with the result that in the limit of a very large sphere ( ), the LSP 
frequency approaches that of a surface plasmon at a planar dielectric-metal interface,  
. For an ellipsoidal particle, in general there are three sets of LSP 




0 )1/( +=∞ εωω p
It should be emphasized that the surface plasmon polaritons considered in the precious 
sections are a different type of excitation compared to localized surface plasmons. A SPP 
has the dispersion relation )( spsp κωω =  given by Eq. (2.2) and is a propagating surface 
mode. In contrast, lozalized surface plasmons are confined to curved metal objects. They 
are characterized by discrete and complex frequencies, which depend on the size and 
shape of the object to which the surface plasmon is confined, and by its dielectric function. 
LSP can resonantly excite with the light of appropriate frequency irrespective of the wave 
vector of the exciting light. In contrast, an SPP mode can be excited only if both the 
frequency and wave vector of the exciting light match the frequency and wave vector of 
the SPP. Since a LSP is bounded to a particle (or a curved surface), it results in a 
significant electromagnetic field enhancement at small particles due to the small volume 
of the LSP mode. [6, 7] 
The spectrum of localized surface plasmons associated with an ensemble of metallic 
particles (or voids) is determined by the interaction between the individual LSP 
resonances. The resulting spectrum and the magnitude of the electromagnetic field 
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enhancement depend significantly on the shape and size of the individual particles and on 
the distance between them. In such ensembles of interacting small metallic particles, a 
very strong electromagnetic field enhancement can be observed. [8]  
 
 
2.1.4 Optical excitation of surface plasmons 
 
Because the surface plasmon polariton dispersion is below the photon dispersion (Fig. 2.2) 
for all energies, that is, the SPP wave number is larger than the magnitude of the wave 
vector of the light in the adjacent medium, it is clear that SPP cannot be excited by 
incident light on the interface directly from the dielectric medium. In order to excite 
surface plasmons, additional momentum has to be provided.  
Special experimental arrangements have been designed to provide the necessary wave 
vector conservation. In practice, this is usually done by placing a regular grating structure 
at the interface based on the diffraction effect or by letting the excitation light pass 
through a medium with a high refractive index, for example a prism to provide total 
internal reflection geometry. In the latter case, the excitation light can either come from 
the dielectric side (Otto configuration) or from the metal side (Kretschmann 
configuration), as shown in Fig. 2.3. 
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FIG. 2.3 SPP excitation configurations by total internal reflection: a) Otto configuration; b) 
Kretschmann configuration.  
 
In the Otto configuration, there has to be a small gap between the dielectric and the metal 
surface, because otherwise the surface plasmon polariton dispersion would also be altered. 
In the Kretschmann configuration, the metal film has to be thin so as to allow the light 
field to reach through the film. 
Another way to provide wave vector conservation for SPP excitation is to use the 
diffraction effect. If a diffraction grating is created on a smooth metal film, components of 
the diffracted light whose wave vectors coincide with the SPP wave vector will be 
coupled to the surface polariton. Both periodic structure and a randomly rough surface 
could meet the SPP excitation conditions. These two excitation configurations are 








FIG. 2.4 SPP excitation configurations: a) excitation with a regular grating; and b) 
excitation with the random surface feature. 
 
By suitably providing the metal film thickness and grating profile depth, a periodic 
structure can provide efficient coupling plasmon modes. Although the random roughness 
results in a low efficiency of light-to-SPP coupling, it could excite SPP without any 
special arrangements since in the near-field region diffracted components of light with all 
wave vectors are present. 
 
 
2.2 Plasmon assisted transmission  
 
In recent years, the demonstration of a strong and unexpected enhancement of light 
transmission through a metallic thin film has attracted many people’s interest and 
generated numerous work in this area. [9, 10] The role of surface plasmon in this 
enhanced transmission is now well established, that is, a large amount of electromagnetic 
energy is localized near holes or slits in a metallic film with dimensions much smaller 
than the optical wavelength. [11, 12] It is mainly discussed for plasmon assisted 
transmission through randomly rough metallic film and periodically nano-structured 
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2.2.1 Transmission through rough metallic surface 
 
When a rough metal film is illuminated by an electromagnetic wave, the field is not 
distributed uniformly on the surface, but is rather concentrated in separated, and sub-
wavelength scaled zones. [13-16] This effect is often accompanied by an enhancement of 
the local field amplitude compared to the incident wave. [17] The origin of this field 
enhancement comes from the plasmon resonance, which is identified as resulting from a 
coupling between the SPP and LSP. [18] During the propagation of SPP along the 
continuous metallic film, it can interfer with the LSP localized in the vicinity of the 
surface discontinuities and thus stronger enhancement will be developed.  
We have performed the near-field optical experiments by near-field scanning optical 
microscope (NSOM) on thin and rough gold films with randomly distributed nano-pits 
and nano-hills on it, as displayed in Fig. 2.5.  (The detailed introduction and mechanism 
of NSOM will be addressed in the next chapter, in Section 3.2.4.) The thickness of the 
gold film is 15 nm and the feature size of these nano-features is in the range from 50 nm 
to 150 nm. The NSOM optical image of the near-field intensity distribution (Fig. 2.6) was 
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FIG. 2.5 NSOM image of the topographical structure of the randomly distributed rough 
gold thin film obtained under shear force mode. 
 
  
FIG. 2.6 NSOM optical image of near-field intensity distribution obtained on a randomly 
rough gold film with a thickness of 15 nm.  
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It can be seen that the surface of the thin gold film in Fig. 2.5 is very rough and nano-
features on it are randomly distributed. These nano-features play a crucial role in exciting 
localized surface plasmon. Figure 2.6, the NSOM optical image, was obtained under the 
transmission mode to observe the near-field distribution through the metal film. The 
image has exhibited some extremely bright spots, and the peak intensities of these bright 
spots are up to 30 ~ 40 times higher than the optical transmission signal in a smooth thin 
film, as illustrated in the scale bar in the right of Fig. 2.6. Such high enhancement of the 
optical signal can be used to confirm that these bright spots are resonantly excited by 
localized surface plasmons. Additionally, the enhancement of light transmission for such 
thin metal film is the coupling result of LSP and SPP, which makes the enhancement 
higher. One can also notice that the observed bright spots are almost round and their 
locations are not correlated with the local surface topography: the position of a peak 
signal can correspond to a surface pit or a surface hill.  
 
 
2.2.2 Enhanced transmission through periodically nano-structured film 
 
The optical transmission through a sub-wavelength aperture in a non-transparent slab is 
very low. However, if a metal film is perforated with a periodic corrugation, the optical 
transmission can be significantly enhanced at certain wavelengths. This is because the 
surface plasmon is resonantly excited and scattered into the incident light. One way to 
provide the wave vector conservation for surface plasmon polariton (SPP) excitation is to 
use regular diffraction grating. (in Section 2.1.4) The crucial difference between a smooth 
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and periodically structured metal film is that when the latter is illuminated at normal 
incidence, SPP can be excited at the metal/ dielectric interface. [5] When a corrugation is 
added to the surface, the periodic corrugated structures can provide the in-plane 
momentum to make coupling of the incident light with the surface plasmon possible. The 
relationship between the periodicity and SPP can be expressed in the following way:  
                                                Λ±= /2sin0 nsp πθκκ                                                 (2.6) 
where spκ is the wave number of SPP, n an integer, Λ  the period of the grooved structure, 
0κ  the incident wave number and θ  the incident angle. On the opposite surface, with the 
aid of the grating momentum, the transmitted light is produced due to scattering by the 
corrugation structure on the back surface, which causes high transmission. [19] 
Generally, several factors need to be taken into account for the interpretation of enhanced 
transmission through a periodically nano-structured metal film. Firstly, it is the scattering 
of SPPs into light on periodic arrangements of surface features. Empirically the scattering 
of SPP into light by surface features can be considered as the excitation of virtual dipoles 
followed by re-radiation. Such scattering by a periodic system of dipoles must take into 
account electromagnetic coupling between the dipoles. In periodic arrays of scatters, the 
external electric field is coupled with the collective dipole excitation of the array. This 
results in a coherent scattering of SPPs into light by the dipole array leading to an N2 
dependence of the scattering intensity on the number N of dipoles within a coherence area. 
For inherent scattering, the intensity is proportional to the number of individual dipoles N 
contributing to the scattering. The transmission is increased with the number of the 
scatters. [18] Secondly, it is the photon tunneling via the SPP Bloch modes. The 
transmission enhancement can be explained by the resonant tunneling of light from one 
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side of the film to the other side via the SPP Bloch states at the film interface (tunneling 
photons into SPP states). At normal incidence, only even branches of the SPP Bloch 
modes are radiative and contribute to the transmission. [20] If a metal film is in 
asymmetrical surroundings (e.g., a metal film on a substrate), the transmission does not 
depend on which side is illuminated because SPP modes on both air-metal and 
glass/quartz-metal interfaces participate in the transmission. Additionally, tunneling 
between LSP states can also contribute to the transmission enhancement. The contribution 
of this mechanism to the overall transmission depends on the details of the periodic 
structure, primarily on the size of the surface features and the thickness of the metal film. 
[18] 
In this thesis, the optical transmission through a periodically line-corrugated gold thin 
film was studied by near-field scanning microscopy (NSOM). Figure 2.7 shows the three-
dimensional (3D) structure of the gold thin film under NSOM’s shear force mode, and 
Figure 2.8 shows the optical transmission and near-field intensity distribution through this 
periodically nano-structured gold film. 
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FIG. 2.7 NSOM image of the 3D structure of the periodically line-corrugated gold thin 
film obtained under shear force mode. 
 
  
FIG. 2.8 NSOM optical image of near-field intensity distribution obtained on a 
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It can be noticed from Fig. 2.8 that almost all the film surface has light going through, 
even though at some places the light intensities are much higher. This is because the 
maximum intensity of the transmitted light observed in the vicinity of the holes in the 
metal film is due to the field configuration of the SPP Bloch modes, meanwhile, the 
transmitted light gets through all over the metal film since the photon tunneling via the 
SPP modes takes place all over the metal film where the SPP field exists. It is confirmed 
by experimental results that SPPs on a periodically structured metal surface are the 
combined excitations related to surface plasmons and photons. 
 
 
2.2.3 Simulation results of enhancement along the distance from interface 
 
The SPP electromagnetic field decays exponentially with the distance away from the 
surface, thus it is hard to distinguish the difference of field intensity at various distances 
from the surface via the tip-detection of NSOM. Numerical simulation has then been done 
to study the field intensity variation with the distance from the surface.  
The simulation software used in this numerical simulation is CST Microwave Studio. The 
simulation model of periodic gold nano-disk array on the quartz substrate is as shown in 
Fig. 2.9. The period of the nano-disk array is 650 nm, the diameter of the gold nano-disk 
is 250 nm and the height of the gold nano-disk is 25 nm. The thickness of the quartz 
substrate is 4000 nm, much larger than the thickness of gold nano-disk and thus, can be 
approximately regarded as the infinity boundary condition. In the computation, the 
permittivity of gold was represented by the Drude model, epsilon infinity of gold 10=Auε , 
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plasma frequency sradep /164.1=ω , collision frequency Hze141.1=γ , the dielectric is 
regarded as dispersion mode with dielectric permittivity of 1.5 [21]. The incident 
wavelength λ is 500 nm and propagates along the z-axis. The simulation result of the 






array (b) (a) 
 
FIG. 2.9 Schematic illustrations of the simulation model: (a) Top view; and (b) 3D view. 
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FIG. 2.10 Simulation results of xy-plane E-field intensity enhancement and its distribution 
along the z-direction distance d away from the metal/air interface: (a) 3D view illustration 
of the z-direction distance away metal/air interface; (b) d = 4025 nm, at the gold/air 
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It can be seen from the simulation diagrams that the enhancement of e-filed intensity is 
maximum at the metal/air interface, approximately 10 times (Refer to the scale bar at the 
right of the diagram) higher than the incident light intensity. With the increase of the 
distance away from the interface, the enhancement intensity decays rapidly. At distance d 
= 4200 nm, the enhancement already has been decreased to 5 times higher than incident 
light intensity, almost the half enhancement intensity compared to that at the metal/air 
interface.  
It also can be noticed from the simulation results that the enhancement generally takes 
place in the vicinity of the metal nano-disks, which is greatly different from the light 
diffraction phenomenon. For diffraction, the light enhancement will appear between the 
nano-disks. Therefore, it is proved that gold nano-disks on the top of quartz substrate 
serve to generate localized surface plasmons, which is the main reason for high light 
transmission enhancement.  
The optical transmission due to light tunneling via surface polariton states in periodically 
nano-structured metal film provides a possibility for the efficient control of the spectrum 
and magnitude of the transmission, and makes periodically nano-structured films very 
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3.1 Laser interference lithography system setup 
 
In our experiment, all the nano-patterns were fabricated by laser interference lithography 
(LIL). As a maskless lithography technique, LIL allows fast and large area periodical 
structures to be patterned with simple equipment. [1] 
 
3.1.1 Principle  
 
Laser interference lithography is based on the interference of two coherent beams of light 
to form a standing wave for grating patterns which can be recorded on photoresist. The 
interference patterns consist of alternating light and dark fringes with a spacing 
determined by the intersect half angle θ  of two incident beams, and the wavelengthλ of 
the incident light, as shown in Fig. 3.1. 
                                       
FIG. 3.1 Schematic drawing of laser beam intersect angleθ . 
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The pattern period can be calculated by the following equation [2]: 




P = .                                                   (3.1) 
Here, is the refractive index of the light propagation medium, usually it is 1 for the air 
medium. LIL is able to write gratings with one exposure; grids and more complex patterns 
can be written with multiple exposures. The fringes generated by the standing wave are 











FIG. 3.2 Schematic of a standing wave due to interference of two coherent beams. [2] 
 
 
3.1.2 LIL system setup 
 
The LIL system used in our experiment consists mainly of a laser source, spatial filter and 
Lloyd’s mirror interferometer. [3] The schematic drawing is shown in Fig. 3.3. 
                          
Standing wave period, 
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FIG. 3.3 Lloyd’s mirror interferometer setup 
 
The laser source used here is a He-Cd continuous wave (CW) laser (Kimmon IK3151R-E) 
with a wavelength of 325 nm and an output power of 4 mW. The actual output power was 
measured in every experiment by a power meter (Fig. 3.4 (a)) to make sure that there was 
enough energy for photoresist patterning. A pinhole with a diameter of 5 μ m acts as a 
spatial filter, which allows the high frequency noise to be removed from the beam to 
provide a clean Gaussian profile. The presence of the spatial filter makes the interfering 
pattern extremely susceptible to small displacement in the beam exposure. Small 
displacements in the beam are mainly due to:  
1. Mechanical vibration, 
2. Heat from the laser, 
3. Air tubulence in the beam path, 
4. Thermal drift of the optical components. 
Such displacements of the beam drastically shift the center of the Gaussian intensity 
profile of the interfering spherical waves from the center of the exposed sample. In 
practice, the beam displacement could be adjusted through the screws in three directions: 
vertical, longitudinal and angular. Furthermore, to avoid the external vibration, the whole 
system setup was placed on an optical table and covered by a closed box during the 
exposure. The exposure time was controlled by a mechanical shutter. The mirror was 
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fixed perpendicularly to the sample holder, as shown in Fig. 3.3. The incident angle θ  is 
equal to the stage rotation angle which can be read from the stage, as shown in Fig. 3.4 (b). 
Half of the expanded beam was reflected by a mirror and folded a portion of the wave 
front back onto itself, as seen in Figs. 3.4 (c) and (d). The mirror surface flatness and high 
reflectance at different angles play important roles to enhance employed to achieve equal 






FIG. 3.4 Experimental equipment of LIL system: (a) Newport power meter; (b) rotation 
stage with the incident angle; (c) Lloyd’s mirror and sample holder; (d) incident beam and 
its reflected ray at the exposed area. 
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The limitation of Lloyd’s mirror interferometer is that the intensities of the two incident 
beams are difficult to be tuned to equal value to provide a high contrast intensity pattern, 
which reduces the interference fringe contrast. [4] 
 
3.2 Characterization techniques 
 
3.2.1 Optical microscopy (OM) 
 
The Olympus MX-50 optical microscope was employed to examine the photoresist 
patterns after LIL exposure and development. The microscope was equipped up to 150 
times of magnification and connected with a CCD camera fed into a computer running 
imaging system’s analysis 3.0 image-acquisition software.  
 
3.2.2 Atomic force microscopy (AFM) 
 
An AFM (Digital Instruments, DI 3100) was used in this study to retrieve three-
dimensional (3D) profiles of interested patterns. An AFM is a lens-free microscope where 
a tip is mounted on the end of a micro-fabricated cantilever, as seen in Fig. 3.5. [5] It 
makes use of the deflection of the cantilever caused by the small force of interaction 
between the tip and the sample surface to reveal the sample’s topography in a 3D way, 
and its typical lateral resolution is about 10 nm, down to the atomic level. 
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FIG. 3.5 Block diagram of atomic force microscope [6] 
 
The AFM generally has three operation modes: Contact Mode, Non-contact mode and 
Tapping Mode. The mode used mainly in this study is the Tapping Mode for its higher 
resolution than the Non-contact Mode and less damage to the sample than the Contact 
Mode. The Tapping Mode AFM operates by scanning a very fine tip attached to the end 
of an oscillating cantilever across the sample surface. The cantilever is oscillated at or 
near its resonance frequency with the amplitude ranging typically from 20 nm to 100 nm. 
The frequency of oscillation can be at or on either side of the resonant frequency. During 
scanning, the tip slightly “taps” on the sample. The feedback loop maintains a constant 
oscillation amplitude by maintaining a constant root-mean-square (RMS) of the 
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oscillation signal acquired by the split photodiode detector, so that a constant tip and 
sample interaction can be maintained during imaging.  
 
 
3.2.3 Scanning electron microscopy (SEM) 
 
A Hitachi S-4100 field emission SEM with a minimum resolution of 15 Angstrom was 
used in this study to characterize the high resolution topography image of interested 
samples. The accelerating voltage is in a range from 5 kV to 30 kV, and the magnification 
factor can vary from 20 to 300,000.  
 
 
3.2.4 Near-field scanning optical microscopy (NSOM) 
 
In this project, an NSOM (Aurora-2, Veeco) was used to record the near-field optical 
enhancement phenomenon generated by surface plasmon resonance. (Refer to examples 
such as Figs. 2.6-2.7 in Chapter 2) Due to the nano-size probe aperture and extremely 
short distance between the probe and the sample, the NSOM can collect data using typical 
optical contrast methods, such as absorption, polarization, and fluorescence with a 
resolution significantly less than the wavelength beyond the diffraction limit. [7, 8, 9] The 
shear force feedback between the probe and the sample makes the NSOM to obtain 
morphology information of the studied surface. This allows for simultaneously acquisition 
of topographical and optical images. In the near field, the light waves containing the high 
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spatial frequency information of objects do not propagate but decay exponentially with 
the distance from the object. The NSOM is used to detect these non-propagating 
evanescent waves in near field. The evanescent waves, which are converted into 
propagating waves by the probe, produce optical signals that can be detected by a 
spectrometer, an avalanche photodiode (APD), a photomultiplier (PMT) or a charge-
coupled device (CCD). 
Depending upon the sample images, there are multiple modes [10, 11] of operation for the 
NSOM. Figure 3.6 displays the configurations of four NSOM modes: 
 
1. Transmission: The sample is illuminated through the probe, and the light passing 
through the sample is collected and detected. 
2. Reflection: The sample is illuminated through the probe aperture, and the light is 
reflected from the sample surface. The disadvantage is low light intensity, and tip-
dependent, but it allows for opaque samples. 
3. Collection: The sample is illuminated with an external light source from the top or 
bottom, and the probe collects the reflected light from sample surface. 
4. Illumination/ Collection: The probe illuminates the sample and then collects the 
reflected light. 
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FIG. 3.6 Illustrations of NSOM four operation modes configuration [12] 
 
The Aurora-2 NSOM system has two modes: reflection mode and transmission mode. The 
optical signal is detected by a PMT. Although the PMT is sensitive to low light intensity, 
it is still difficult to detect the reflected light from the sample surface due to its low light 
intensity. In this study, only the transmission mode of the NSOM is employed.  
  
 
3.2.5 Ultraviolet-visible (UV-Vis) spectroscopy 
 
A UV-Vis scanning spectrophotometer (UV-2101/3101 PC) was employed in this work to 
characterize the optical properties of the interested samples. The basic parts of the 
spectrophotometer are a light source (a tungsten lamp for the visible wavelengths, and a 
deuterium arc lamp in the ultraviolet region), a focusing lens, a holder for the sample, a 
diffraction grating or monochromator to separate the different wavelengths of light, and 
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two detectors. One PM (photomultiplier) detector is mainly used for wavelengths below 
895 nm and one PbS photo-conductive detector is used for wavelengths above 750 nm. 
The schematic illustrations of the inside structure of the spectrophotometer is shown in 
Figs. 3.7 and 3.8. 
 
             
  




FIG. 3.8 Schematic drawing of a dual-beam UV-Vis spectrophotometer [13] 
 
The instrument measures the intensity of light passing through a sample (I), and compares 
it to the intensity of light before it passes through the sample (Io). The ratio I / Io is called 
the transmittance, and is usually expressed as a percentage (%T). The absorbance, A, is 
based on the transmittance: A = − log(%T). A spectrophotometer can be either single 
beam or double beam. In a single beam instrument, all of the light passes through the 
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sample cell. Io must be measured by removing the sample. In a double-beam instrument, 
the light is split into two beams before it reaches the sample. One beam is used as the 
reference; the other beam passes through the sample. The measuring mode includes 
absorbance (Abs), transmittance (T%), reflectance (R%) and energy. The absorbance, 
transmittance, and reflectance are measured in the ordinary double beam mode, however, 
the energy measurement is performed by the signal beam mode in which only the sample 
beam is measured. An ultraviolet-visible spectrum is essentially a graph of light 
absorbance/ transmittance versus wavelength in a range of ultraviolet or visible regions. 





[1] W. Hinsberg, F. A. Houle, J. Hoffnagle, M. Sanchez, G. Wallraff, M. Morrison, Deep-
ultraviolet Interferometric Lithograohy as A Tool for Assesment for Chemically 
Amplified Photoresist Performance, J. Vac. Sci. Technol. B 16, 3689-3694 (1998). 
[2] C. S. Lim, M. H. Hong, Y. Lin, Q. Xie, B. S. Luk’yanchuk, A. Senthil Kumar, and M. 
Rahman, Microlens Array Fabrication by Laser Interference Lithography for Super-
solution Surface Nanopatterning, Appl. Phys. Lett. 89, 191125 (2006). 
[3] S. Tolansky, An Introduction to Interferometry (Longmans, Green, New York, 1995) 
[4] Q. Xie, M. H. Hong, H. L. Tan, G. X. Chen, L. P. Shi, and T. C. Chong, Fabrication of 
Nanostructures with Laser Interference Lithography, J. Alloys Compd. (2007) 
 53
Chapter 3 Experimental Setup 
[5] F. Giessibl, Advances in Atomic Force Microscopy, Reviews of Modern Physics 75, 
949-983 (2003). 
[6] Cheetah,  Hebrew Wikipedia project, wikipedia (2006).  
[7] D. W. Pohl, W. Denk, and M. Lanz, Optical Stethoscopy: Image Recording with 
Resolution λ /20, Appl. Phys. Lett. 44, 651-653 (1984). 
[8] E. Betzig, M. Isaacson, and A. Lewis, Collection Mode Near-field Scanning Optical 
Microscopy, Appl. Phys. Lett. 51, 2088-2090 (1987). 
[9] A. Lewis, M. Isaacson, and M. Lanz, Development of a 500 Å Spatial Resolution 
Light Microscope: I. Light is Efficiently Transmitted Through 1/16 Diameter Apertures, 
Ultramicroscopy, 13, 227-231 (1984). 
[10] G. Kaupp, Scanning Nearfield Optical Microscopy and Nanoscratching: Application 
to Rough and Natural Surfaces, Atomic Force Microscopy, Heidelberg: Springer, 2006. 
[11] Introduction to NSOM, The Optics Laboratory, North Carolina State University, 12 
Oct 2007. 
[12] Nanonics: A Brief History and Simple Description of NSOM/SNOM Technology, 
wikipedia.  
[13] Ultraviolet and Visible Absorption Spectroscopy (uv-vis), The Department of 
Chemistry, The University of Adelaide, Australia.  
 54
Chapter 4 Laser-assisted large-area nanostructure fabrication 
CHAPTER 4  
LASER-ASSISTED LARGE-AREA METALLIC 
NANOSTRUCTURE FABRICATION                                        
 
 
4.1 Sample preparation 
 
Two types of fabrication flow were used in our experiment. Generally for these two 
process techniques, several steps, such as sample cleaning, photoresist coating and 
exposure are the same. Under different process flows, the order of these steps will be 
adjusted accordingly. Their advantages and drawbacks will also be presented respectively 
in this section. 
 
 
4.1.1 Lift-off process flow 
 
The lift-off technique is commonly used in semiconductor industry. “Lift-off" is a simple 
and easy method for patterning films that are deposited. A pattern is defined on a substrate 
using photoresist. A film, usually metallic, is blanket-deposited all over the substrate, 
covering the photoresist and areas in which the photoresist has been cleared. During the 
actual lift-off, the photoresist under the film is removed with a solvent, taking the film 
with it, leaving only the film which was deposited directly on the substrate. 
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In this process flow, the 1 mm thick quartz plates used as the substrate were first 
ultrasonically cleaned in acetone for 5 minutes, followed by another 5 minutes of de-
ionized water rinse. After being dried by nitrogen, the substrates were coated with a thin 
layer of HMDS, with the purpose to improve the adhesion between quartz and photoresist. 
Subsequently, the substrates were spin coated with S1805 positive photoresist from 
Shipley at a spin speed of 6000 rpm to obtain a resist thickness of 500 nm. Immediate pre-
bake of the photoresist was then carried out on a hotplate at a temperature of 115°C for 1 
minute to improve the adhesion of the photoresist and at the same time to remove the 
extra solvent. The reason that we used positive photoresist is because positive photoresist 
is more suitable for patterns with a period smaller than 1 µm.  
As the sample was ready for laser interference lithography to form periodic patterns on 
photoresist, it was exposed by two coherent laser beams with an incident angle of 17o to 
achieve an array pattern with the period of 560 nm. The output power of the incident laser 
was around 4 mW. To obtain a nano-dot array, double exposure was done by rotating the 
sample at 90o after the first exposure. Since positive photoresist becomes soluble after 
being exposed, post-exposure bake (PEB) was employed before development to harden 
the latent patterns of the photoresist and improve the linewidth stability. To avoid external 
vibration, the whole experimental setup was placed on an optical table and enclosed 
during the exposure. The exposure time was controlled by a mechanical shutter. By 
adjusting the incident angle, the period of the photoresist pattern can be tuned to the 
desired value.  
After the periodic patterns were formed on the photoresist, a 50 nm layer of Au film was 
deposited onto the photoresist patterns, for the following lift-off process, in a high 
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vacuum chamber of an e-beam thermal evaporator. The lift-off step can be accomplished 
by immersing the sample in acetone. The length of time for lift-off depends on the film 
quality. Generally, the higher the film quality, the more impermeable it is and the longer it 
will take to lift-off. Depending on how robust the film and substrate are, sidewalls from 
the deposited film can be removed using a gentle swipe of a clean-room swab or a 
directed stream of acetone from a squeeze bottle. After lift-off, the samples were cleaned 
with de-ionized water and then dried with nitrogen gas. The schematic drawing for the 
whole lift-off process flow is shown in Fig. 4.1.  
 
   
  a) Quartz substrate with S1805 photoresist 
b) Following LIL exposure and development 
c) Following thin gold film deposition 
d) Following lift-off  
e) Following mechanical “scrub” 
FIG. 4.1 Schematic drawing of standard lift-off process flow 
 
The main disadvantage of this lift-off method is that a thin metal film is deposited on the 
sidewall of the photoresist and generally continues to adhere to the substrate following 
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resist removal. This sidewall may peel off in subsequent processing, resulting in 
particulates and shorts, or it may flop over and interfere with etches or depositions that 
follow. This problem is even worse for our LIL-based photoresist patterns. The cross-




        
                                
Photoresist coated  After LIL Exposure and 
Development 
Au Layer Deposition 
FIG. 4.2 Cross view of LIL-based lift-off process flow 
 
Due to the Gaussian shape of the laser beam intensity, it is very difficult to get patterns 
with sharp and straight edges. Generally the photoresist patterns will follow the Gaussian 
shape of the light intensity and as a result, the patterns attained have sharp tips rather than 
flat tops. The actual experimental result of three-dimensional photoresist nanostructures is 
displayed in Fig. 4.3.  
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FIG. 4.3 AFM image of three-dimensional (3D) photoresist nano-dot array structure after 
LIL patterning. 
 
It is noticed from the 3D AFM image that the sidewall of the patterns turns out to be in an 
arc shape, which makes it easier for the deposited metal to form a continuous film layer. 
This metal film layer will cover all the photoresist patterns and thus make it difficult for 
acetone to permeate into the structure to remove the photoresist. To alleviate this problem, 
the lift-off step could be done in an ultrasonic environment and the time could be longer.  
The gold film should not be too thick; otherwise, the even ultrasonic cleaning will have 
great difficulty to remove the covered gold layer. Due to the serious sidewall-covering 
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problem in the lift-off process, most of our samples failed to have the desired nano-dot 
array patterns. Therefore, another method that could avoid this problem needs to be 
developed. Actually in this thesis, most of our nano-structures shown were fabricated 
using the etching process flow.                       
 
 
4.1.2 Etching process flow  
 
To avoid the problem in the LIL-based lift-off process flow, the etching process flow is 
used as an alternative. An etching step is performed directly on the deposited metal film 
with the photoresist patterns as the mask. In our experiment, the etching technique was 
mainly wet etching using gold etchant. The whole process flow is shown in Fig. 4.4. 
After the quartz was cleaned, the metal film was directly deposited onto it before 
photoresist coating. The subsequent LIL exposure and developing process will pattern the 
photoresist and leave periodic array patterns as the mask for the following metal etching 
step.  
Gold chemical etching is a wet etching technique, with the advantages of low cost, high 
throughout and simple operation. Since gold etchant has no chemical reaction with 
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LIL Exposure  
 
        
 
 
        
FIG. 4.4 Schematic illustration of etching process flow 
 
However, the problem with wet etching is that it is an isotropic process, which will cause 
undercut of the gold thin film layer by the same distance as the etch depth. The isotropic 
characteristic of this wet etching is shown in Fig. 4.5.  
  
               




 (b) (a) 
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Especially in our case when the thickness of the gold film is 50 nm and the desired period 
of the patterns in the gold film is around 700 nm, good control of the etching time 
becomes more important. If the etching time is too long, it is highly probable that the 
whole gold layer will be etched away. At the same time, this difficulty in etching time 
control has caused the problem of poor reproducibility, which makes the size of the gold 
nano-dots vary accordingly. Additionally, chemical etching has high requirements for 
chemical etchants since not every metal has their corresponding etchants. Therefore, wet 
etching is limited to certain metals and thus will greatly hinder the extensive research of 
the use of various metal materials in plasmonic nanostructures.  
 
 
4.2 Dependence of pattern shape and resolution on experimental conditions 
 
During the nanostructure fabrication process, the differences in experimental conditions 
and parameters will affect the final shape and feature size of the structure greatly. 
Generally, the quality of the photoresist, the exposure time and develop time, and the 
incident angle of the LIL setup will be main factors to affect the final nanostructure 
quality.  
 
4.2.1 Influence of photoresist 
 
The photoresist used in our experiment is S1805 i-line positive photoresist from Shipley. 
The exposed areas of the positive photoresist become soluble in the developer. Resist 
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performance is resulted from complex photo-chemical reactions, diffusion of photo-acids, 
resist bleaching, developer properties and so on. It is now widely considered that positive 
photoresist is more suitable for patterns with smaller feature size than negative photoresist. 
To get smaller pattern period and line width, the thickness of the photoresist should be as 
thin as possible. For our spin coating machine, when the coating speed was set to the 
maximum of 6000 rpm, a thickness of 550 nm of photoresist can be achieved.  
The spin coating process is as follows. Firstly, the cleaned substrate was pre-baked at 180 
ºC for 3 minutes to have a better drying of the substrate. Hexamethyl disilane (HMDS) 
primer was then deposited on the substrate. After that, the photoresist was spin-coated at a 
rotation speed of 5500 rpm for 30 seconds and followed with soft baking at 115 ºC for 1 
minute, to improve photoresist adhesion and remove extra solvent.  The roughness of the 
sample was about 5 nm as measured by an atomic force microscope (AFM). In particular, 
the cleanliness of the substrate is very important to get an even and flat photoresist surface. 
Small particles or dust on the substrate surface will cause flaws after the photoresist was 
coated, which will also bring out the incident ray diffraction and aberration, thus affecting 
the final exposure quality. It is unavoidable that the photoresist surface at the center of the 
substrate is more smooth than at the edge.  Generally the thickness of the photoresist at 
the edge is thicker than that at the center due to the centrifugal force. 
 
4.2.2 Influence of exposure  
 
Exposure is the most critical step in the whole optical lithography process in determining 
the linewidth and pattern resolution.  The linewidth control can be realized by controlling 
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the exposure time and finding the optimized exposure dose. Due to the instable nature of 
the laser system, dose contrast of a LIL system is hard to be measured and can vary across 
the exposure area from day to day.  
For positive photoresist in LIL, after double exposure and development, a discrete dot-
array pattern is desired. The laser intensity distribution in the exposure area is illustrated 
in Fig. 4.6. Both the “1” and “S” areas should be removed after the exposure, and only the 
“0” area should have photoresist left to form the two-dimensional array pattern. Due to the 
optical proximity effects (image errors due to diffraction or process effects during optical 
lithography) of the optical lithography, the final pattern should be circular-shape like 
(nano-dot) rather than ideal square-shape like.  
 
FIG. 4.6 Laser intensity distribution in the exposure area: “1” is the high intensity region 
with two exposures, “S” is the low intensity region with one exposure, “0” is the dot area 
without exposure and with photoresist remaining. 
 
 
However, in the experimental results, the nano-dots are surrounded by hole patterns, as 
displayed in Fig. 4.7. This is because the exposure dose control is not correct and the 
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patterns are under-exposed. To get optimized exposure dose, the exposure time was varied 
from 1 min 15 s to 3 min. With longer time and higher dose, holes disappeared but some 




FIG. 4.7 SEM image of under-exposed nano-dot pattern. 
 
By increasing the dose further, a well-separated nano-dots array can be achieved, with 
some dots linked and the dot size reduced (Fig. 4.8 b). There was a critical dose for the 
dot-array pattern. If the exposure dose was above the critical dose (over-exposure), dots 
became smaller and were easily washed away in the developer (Fig. 4.8 c).  
Due to the poor conductivity of the dielectric material, it is difficult to get clear SEM 
images of the sample with photoresist patterns on quartz substrate. Therefore, a thin layer 
of gold (5 nm) was deposited onto the photoresist layer to get the SEM images for the 
sample topography.  
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FIG. 4.8 SEM images of dot-array patterns with different exposure time: (a) 2 min 5 sec; 
(b) 2 min 15 sec; (c) 3 min. 
 
The tendency of dot size reduction as the exposure time increases could be explained by 
the functional relation between exposure dose and linewidth. Generally, higher exposure 
dose leads to smaller linewidth. Table 4.1 gives the statistical data of the exposure 
parameters during the experiments. Figure 4.9 is the functional relation between exposure 
dose and linewidth based on Table 4.1. The average linewidth is the average diameter of 
100 nano-dots selected from the same sample.  
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13.017751 354 1.69 100 0.22 22 
13.491124 312 1.69 95 0.24 22.8 
14.289941 308 1.69 105 0.23 24.15 
15.621302 252 1.69 110 0.24 26.4 
16.272189 240 1.69 125 0.22 27.5 
16.331361 224 1.69 115 0.24 27.6 
16.331361 224 1.69 120 0.23 27.6 
18.461538 175 1.69 130 0.24 31.2 
19.881657 134 1.69 140 0.24 33.6 
19.970414 126 1.69 135 0.25 33.75 
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FIG. 4.9 Linewidth as a function of exposure dose. 
For double exposure, the dose distribution is not the same in two directions along which 
the sample is rotated, as illustrated in Fig. 4.10. 
 
FIG. 4.10 Double exposure with a rotation angle 2ψ 
ψψ
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The resulting dose distribution can be written as: 
                                                 Px = P / cos θ ≈  P; Py = P / sin θ » P                            (4.1) 
Basically, the double exposure forms a pattern such that the period and dose in the x-
direction are constant, but the contrast varies with y between zero and the normal contrast 
for the LIL system. This could be applied to explain why nano-dots were connected as a 
line chain with increasing exposure dose before they were totally separated. [Refer to Figs. 
4.8 (a) and (b)] 
 
 
4.2.3 Influence of post-exposure process 
 
In general, positive photoresist does not require post-exposure baking (PEB). However, 
the experimental results showed that PEB could greatly enhance the resolution quality and 
get stable linewidth. The limitation of Lloyd’s mirror interferometer is that the intensities 
of the two incident beams are difficult to be tuned to an equal value (The reflected beam 
has lower intensity than the original one) to provide a high contrast intensity pattern. 
Therefore, even the “0” area in Fig. 4.5 will be exposed with low light intensity, rather 
than completely no light intensity. PEB could slightly harden the exposed photoresist in 
the “0” area to protect them from being washed away by development.  
Meanwhile, PEB plays an important role in linewidth uniformity and stability. It was 
reported that the linewidth will broaden immediately following exposure but become a 
constant value rather than continuously expanding for various pattern sizes. [3] This line 
width variation is mainly induced by the effect of acid diffusion during exposure and 
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baking. During the post-exposure delay (PED), the organic base starts to trap the 
photogenerated acid when the acid is close to the base. Following a long-term PED, the 
concentration of activated and deactivated acids remains constant owing to the 
establishment of the equilibrium state. [4, 5, 6] Furthermore, the change of linewidth is 
less sensitive to the change in exposure dose due to the PEB effect. It is also revealed that 
roughness of the latent image formed during the exposure can be decreased by the 
smoothing effect of the acid diffusion during PEB process. [8] 
After PEB, photoresist development is another critical post-exposure step for lithography 
since this step finally defines the linewidth and the pattern size. Development time 
directly affects the development depth. Although PEB makes the development depth less 
sensitive to development time, too long a development time could also wash away the 
whole pattern. It was reported by Wensyang Hsu et.al [9] that development depth could 
be greatly affected by both exposure dose and PEB time. Without PEB or with short PEB 
time, the development depth was increased with exposure dose or extended development 
time. A longer PEB time increased stability and decreased development depth under 
different exposure doses. With long enough PEB time, the development depth becomes 
consistent regardless of development time. Figures 4.11 (a) – (c) indicate that the role of 
PEB and development time determine the final development depth.   
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FIG. 4.11 Development depths under different development time and exposure dose. 
Photoresist AZ9260 is post-baked at 900C for (a) 15 min, (b) 60 min, and (c) 90 min. [9] 
 
 
4.2.4 Influence of angle 
 
In this study, two kinds of angle are involved: incident angle θ of two interference beams 
intersection and rotation angle between two LIL exposures.  
Chapter 3 gives the relations between incident angle θ, the exposed area and the pattern 
period. The exposed area is determined by the mirror area in Eq. (3.1) 
as )tan(exp θωω ⋅= mirrorosed . For a constant mirror width, the exposed area becomes 
larger with increasing the incident angle as the direct proportional relation described in Eq. 
(3.1). In our experiment, for an incident angle of 170, the exposed area reached 1.5 ×  1.5 
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cm2. Large area laser nano-patterning is desired by applying a suitable incident angle. The 




P = , which provides a 
method to get smaller period patterns and tune the period by tuning the incident angle. For 
θ = 170, the period is about 542 nm. As shown by the inverse proportional relation 
between incident angle and period described in Eq. (3.2), smaller period nano-patterns 
over a larger area are desired with a large incident angle; however, the pattern resolution 
is the great challenge and limitation in increasing the incident angle. In the Lloyd’s mirror 
setup, the unequal value of the intensity of the two incident beams makes this problem 
more serious. This is because in practice, the reflected beam will have less intensity 
compared to the original beam after reflecting back from the mirror, even though the 
mirror has extremely high reflectivity. Therefore, the difference between the two 
interference beams will reduce the contrast of the interference fringes and thus degrade 
the pattern’s resolution. In this study, when the incident angle reached 200, all the 
photoresist was exposed and the resolution of the pattern became poor.  
The rotation angleψ  between two LIL exposures can be used to adjust the pattern shape, 
as displayed in Fig. 4.12. When the rotation angle ψ  is 900, the pattern is square-like; 
when ψ  is 450, the pattern becomes more rhombus-like; when ψ  is 600, the pattern seems 
to be a standing rhombus; when ψ  is 300, the patterns become more long and rod-like in 
shape. The straight and sharp edge will become smooth after lithography and etching, as 
illustrated by the dashed curve in Fig. 4.12. 
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FIG. 4.12 Different pattern shapes under different rotation angles.  
 
The experimental results also show the various shapes obtained by changing the rotation 
angles, as shown in Fig. 4.13. As mentioned in Chapter 1, surface plasmon resonance 
depends significantly on the pattern shape and structure. Therefore, the SPR tuning can be 


















FIG. 4.13 Optical microscope images of photoresist patterns after LIL exposure under 
different rotation angles: (a) ψ  = 300; (b) ψ  = 450; (c) ψ  = 600; and (d) ψ  = 900. All the 
images are formed with the incident angle θ = 17°. 
                        
The above optical microscope images were obtained under the transmission mode of the 
microscope. The bright part in the image represents the place without photoresist while 
the dark part is the place with photoresist left after exposure and development. It can be 
noticed that a nano-rod array pattern was achieved by tuning the rotation angle to 300. The 
pattern shape under rotation angles of 450 and 600 seem to be like nano- rhombus. The 
pattern shape under rotation angle as 900 is the circular shape, or nano-dot. These shapes 
have great divergence in symmetric characterization, edge sharpness and even dimension 
size, which will result in the difference of SPR and can thus be used to realize the tuning 
of SPR.   
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CHAPTER 5
TUNABILITY OF SURFACE PLASMON RESONANCE
5.1 Introduction
5.1.1 Introduction on SPR tunability
According to Mie theory, it is predicted that Au and Ag nanospheres exhibit localized
surface plasmon resonances (LSPR) near 490 nm and 355 nm, respectively. [1] Although
the nano-sphere structure is easily fabricated, such structures exhibit LSPR at spectral
regimes that are considered less advantageous for many applications. Furthermore, the
ability to tune LSPR wavelength towards the visible and near infra-red regime provides a
number of potential advantages. Firstly, in this spectral regime, the electrons in metal
exhibit more free electron-like behavior which leads to less damping and a higher level of
plasmonics activities. [2] Secondly, this regime includes the biological window (700 ~
1400 nm), a spectral regime in which both the absorption and scattering by biological
substances are simultaneously minimized, thus is regarded as the essential spectral regime
for in vivo research. [3] Finally, beyond the biological window lies the telecommunication
window (~ 1550 nm), within which the loss of the fused silica optical fiber is minimized.
Therefore, the tunability of LSP resonances will also facilitate the adoption of plasmonics
devices in optical communication systems.
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In recent years, there have been many attempts to tune the LSP resonances towards the
visible and near infra-red regimes while a high level local field enhancement is
maintained. These goals have been achieved mainly by utilizing the electromagnetic
interactions between multiple LSP resonances, or the plasmonic coupling effect.
Depending on the geometry and size of the noble metal nano-particles, the near-field of
one LSP can perturb the movement of distant electrons and affect the resonance
characteristics of other LSPs that can occur either within the same nano-particle or in
neighboring nano-particles. The original LSP itself is subject to the influence of other
LSPs as well, and the resonance characteristics of a system of LSPs as a whole are
modified accordingly. [4]
Besides the peak position tuning of LSP resonances, the excitation and generation of
multiple plasmon resonance modes open a new perspective to tune surface plasmon
resonance. Multiple plasmon resonances could extend the resonance in a broader spectral
regime, which not only improves the utilization efficiency of plasmon resonances, but
also makes it easier to tune one plasmon resonance peak out of multiple resonance modes
into the desired position. We have observed a lot of research progress in SPR tuning by
fabricating hybrid metallic nanostructures, including nano-rods, nano-shells, nano-rice [5],
nano-crescents [4], and split ring [6] structures.
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5.1.2 SPR of metallic nanostructures
Plasmon resonances are electromagnetic modes associated with the excitation of
collective oscillations of the electronic charge density in metals. They combine both high-
field intensities and frequency selectivity and therefore, could be used for new photonic
devices integrated on very small surfaces (nanoparticles). Two types of plasmon
resonance exist: surface plasmon polariton (SPP) waves propagating along a metal-
dielectric interface and localized surface plasmon (LSP) modes, confined to sub-
wavelength metallic objects. [7, 8] Individual particles can be assembled into small or
complex arrangement, such as chains or arrays where complex plasmonics functions can
be achieved. Moreover, the LSP of metallic nanoparticles can be coupled to a metallic
film in order to perform complex operations on light transmission. For example, the
utilization of periodically patterned metallic surfaces has already been demonstrated for
resonant excitation and transmission enhancement.
In recent years, much interest has been in the properties of light transmission through
periodic arrays of sub-wavelength apertures perforated in metallic films. This increased
interest was stimulated by a report of unexpected light transmission through sub-
wavelength size holes by Ebbesen et al. [9]. In addition to the ideas about metallic
structures with multi-holes or a single hole, the optical properties through thin metallic
films without holes have also been studied extensively. However, most of the previous
studies and publications have been focused on the SPP-assisted fluorescence [10-12].
Only a few works discussed the transmission through corrugated metallic films [13-16].
As Nicolas Bonod pointed out [9], it is necessary to remark that for continuous films, the
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corrugation plays no significant role in the light transmission through the film, but only
serves as a periodical perturbation to ensure the coupling between the incident wave and
the plasmons. When compared to grating hole array, high transmittance through
continuous films can be obtained only for smaller thickness.
Noble-metal and composite noble-metal-dielectric nanostructures are target elements for
the development of diverse novel functional materials, such as optoelectronic devices or
highly efficient biomedical sensors [17-23]. Their unique properties and functionality rely
on localized surface plasmon resonance (LSPR), spatially confined charge-density
oscillations that are readily excited at optical frequencies in noble-metal nanoparticles and
assemblies. By incorporating a dielectric into plasmonics material, it is possible to
construct hybrid nanostructures in which new properties and phenomena emerge. [24]
In this study, we investigated the optical properties mainly by UV-Visible spectroscopy,
of two types of gold nanostructures: one is pure metal nanostructure, including nano-chain
and nano-dot array; the other is metallic film with periodical corrugations and dielectric
(photoresist) inside the corrugations. The latter was achieved by coating a thin gold layer
to a photoresist layer, which has large area periodical nano-patterns on it. Since the
thickness of the metallic film is thick enough for transmission enhancement effect, the
photoresist inside plays little role in affecting the plasmon resonance and therefore, our
method displays the advantages of low cost and high throughput.
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5.2 SPR tuning by surface condition
The smooth, flat, and continuous metal film cannot support direct exciting of surface
plasmon polariton (SPP), but needs to employ special configurations [Refer to Chapter 2
Fig. 2.3]. However, when an electromagnetic wave is illuminated onto a rough metal film,
the field is not distributed uniformly on the surface and there is an enhancement of the
local field amplitude compared to the incident wave. Besides the scattering effects due to
the discontinuities on the rough surface, an incident wave can induce electron oscillations
bound to the metal/dielectric interfaces, which is called localized surface plasmons. [25]
A thin layer (~ 35 nm) of gold was deposited directly onto 1-mm thick transparent quartz
substrate. High purity gold pellet was evaporated on the substrates in a high vacuum
chamber of an e-beam thermal evaporator. The growth modes of metals, like gold and
silver surfaces, have been studied intensively since 1970s [26, 27]. In particular, it has
been reported that gold atoms form clusters on the substrate surface during the initial
moments of deposition. During the growth, these clusters continue to expand until they
coalesce beyond a certain threshold. After a sufficient amount of metal has been deposited,
the gold layer becomes continuous. The thickness at which the layer is continuous
depends on the growth parameters, such as substrate temperature. Therefore, it is common
to observe granular structures at the surface of deposited gold film with only 35 nm
thickness under a scanning electron microscope (SEM).
The UV-Visible transmission spectra image of gold thin film (Fig. 5.1) show an obvious
resonance peak positioned at 504 nm. The peak (solid line) has good reproducibility and is
attributed to the typical surface plasmon resonance of gold material. [28, 29] After laser
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nano-patterning of the film with LIL at an incident angle 15° (period of 628 nm), the
spectrum shows that this characteristic peak has red-shifted to 552 nm, which is due to the
significant change of the surface topography. It implies that this is due to difference
between the interactions of light with the periodic Au nano-dot array and random Au
grains of the continuous film. It is interesting to note that a typical peak at 698 nm
appeared after the Au thin film was nano-structured. The experimental results show that
this peak is more dominated by structure parameters, such as period, shape and dimension
rather than material properties.

































 Nanopatterned thin film
 Continuous thin film
 UV-Vis Spectra of Au thin films
FIG. 5.1 UV-Vis transmission spectra of Au thin films with and without periodic nano-
patterns.
The granular structure of the gold film is assumed to serve as the discontinuities on the
surface, which induces electron oscillations and confines the surface plasmons near the
roughness. Therefore, the peak at 504 nm displays the inherent characteristic of gold
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material LSP resonance. For periodically nano-structured gold film, the regular gratings
are supposed to support the interactions and coupling between LSPs, which results in the
emergence of multiple resonance peaks.
5.3 SPR tuning by shape
More and more experimental studies have demonstrated that the surface plasmon
resonance depends much more sensitively on the particle shape than the size. Therefore,
transforming the shapes of nanostructures has become one of the most frequently used
approaches to obtain the tunable optical properties. In this study, rod-to-dot morphological
transformation has been achieved by tuning the rotation angle between two LIL exposures,
and the subsequent surface plasmon properties have been investigated via UV-Vis
transmission spectra.
The details of the fabrication method have been introduced in Chapter 4. Here, only a
brief description of the fabrication flow is presented. A thin metal layer (gold) was
deposited on the cleaned quartz substrate and a photoresist layer was then coated on it.
After the nano-patterns were formed on the photoresist layer after LIL exposure and
development, chemical etching was used to transfer the pattern to the thin gold layer. In
particular, the setting of rotation angle between two LIL exposures determined theψ
final shape of the patterns. By adjusting the rotation angle from 300 to 900, we have
obtained array patterns with the nano-rod, nano-nut (nano-rhombus) and nano-dot shapes
on photoresist layers, respectively. These photoresist patterns then served as the mask in
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gold etchant to transfer the patterns to the gold film. The process flow of the fabrication is
shown in Fig. 5.2.
Positive photoresist S1805 coated
on thin gold film layer
LIL exposure on photoresist layer
Quartz substrate cleaning
Thin gold film deposited on quartz
substrate by e-beam evaporator
Nano-patterns achieved on
photoresist layer after development
Patterns transferred from photoresist
to thin gold film by chemical etching
FIG. 5.2 Process flow of metallic nanostructures fabrication
The experimental results of various shapes obtained by adjusting the rotation angles were
shown in SEM images in Figs. 5.3-5.5. The rod-to-dot geometry transformation has been
achieved successfully.




FIG. 5.3 (a) and (b) SEM images of Au nano-rod array with LIL rotation angle 30º
Due to the isotropic nature of the wet etching and the under-cut structure, the nano-rods
have two types of length along the long axis direction: core-length (without under-cut
fringe) and overall-length (including under-cut fringe). On average, the core-length of the
(a)
(b)
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nano-rods is around 820 nm while the overall-length is round 1.2 µm. The width of the
nano-rod short axis is around 215 nm. Therefore, the aspect ratio of such nano-rods can
reach 5:1, which is high enough for obvious multiple SPR peaks. The under-cut fringes,
beyond the core-length, are resulted from the isotropic chemical etching. It can be seen
from Fig. 5.2 that under-cut fringes mainly distribute at the two tips of core length and
look like more in a round shape than in a nod shape.
When the rotation angle was increased from 300 to 450, the nano-rod became less “thin”
but rather “fat”, called nano-nut as shown in Fig. 5.4. The average length of the nano-nut
short axis is around 310 nm and the average length of the long axis is around 620 nm.
FIG. 5.4 SEM image of Au nano-nut array with LIL rotation angle 45º
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FIG. 5.5 SEM image of Au nano-dot array by LIL rotation angle 90º
If the rotation angle is increased further to 900, the nano-spherical shape will become
nano-sphere shape, called nano-dot as shown in Fig. 5.5. Therefore, the long axis and
short axis of nano-spherical structure will have the same length, called diameter. The
average diameter of the nano-dots in Fig. 5.5 is around 340 nm.
It is noticed that in the UV-Vis transmission spectra of the gold nano-structured films,
multiple resonance peaks are observed as displayed in Fig. 5.6. The light source of the
UV-Vis spectroscope is a white light lamp without polarization.
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FIG. 5.6 UV-Vis transmission spectra of Au nanostructures: nano-rod array (dash line),
nano-nut array (solid line), and nano-dot array (dash and dot line).
It is found that the curve for the nano-dot array (rotation angle ~ 900) has two peaks at 520
nm and 640 nm. Theoretically, the resonance peak for a single gold nano-particle varies
from 490 nm to 520 nm according to the particle size. So the peak around 520 nm is
attributed to the characteristic peak of gold material. Towards the longer wavelength
region, another peak with wider band at 640 nm appears, and it is assumed to be the result
of the coupling between the surface plasmon polariton and localized surface plasmon
resonance. [30] Such multiple resonances have also been assigned to dipole and
quadrupole resonances excited by the periodical nanostructure. [6] In particular, the peak




Chapter 5 Surface Plasmon Resonance Tuning
91
is assumed to be the result of broad size distribution and morphology discrepancy among
the Au nano-dots.
For the nano-nut array (rotation angle ~ 450), two SPR peaks have also been found and the
position of both peaks has slightly shifted away from the peaks for the nano-dot array
structures. Such shift is assumed to due to the size and period difference of the particles.
While the different rotation angle can change the shape of the particle, the size of the
particle has also been changed due to the shape adjustment. The SPR peaks of the nano-
nut array also have higher intensities. This is because the nano-nuts have sharper tips than
the nano-spheres, which could serve as a near-field amplifier and thus induce higher field
enhancement. [31]
For nano-rod array (rotation angle ~ 300), three SPR peaks could be observed at 530 nm,
630 nm and 740 nm. The observation of more peaks is because nano-rod shape becomes
sharper than nano-nut shape and thus excited more high modes of the SPR. Both the
variation of spectral position and width of the resonances can be explained by assuming
far-field dipolar interactions, the ensemble acts effectively as a grating, leading to
increased radiation damping of the collective resonances. [32] The emergence of a new
SPR peak at 740 nm is in good agreement with Gans theory [33], which predicts that the
SPR band would split into two modes corresponding to electron oscillations along the
longitudinal and the transverse dimensions due to the different orientations of the long and
short axes. Furthermore, the longitudinal SPR band is much stronger than the transverse
SPR, as illustrated in Fig. 5.6, the peak intensity at 740 nm is much higher than the peak
in 530 nm.
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5.4 SPR tuning by thermal effect
High temperature annealing could adjust the structure’s surface roughness, shape and size,
and therefore provides a novel way to tune the SPR peak.
5.4.1 Nano-chain array
Recently, with the increasing control over the fabrication of nanostructures, some studies
were focused on the understanding of particle-based SPR. A one-dimensional linear chain
of noble metal nano-particles, for instance, may act as a waveguide supporting non-
radiative electromagnetic energy transfer on the nano-meter scale. [34, 35] Furthermore,
the interstitial electromagnetic field enhancement created by two adjacent resonant
particles might be promising in many sensor applications. The fundamental difference in
the one-dimensional structures, compared to the two-dimensional array investigation
reported, is the type of electromagnetic interactions, which determine the optical
characteristics of the structures. The effects described above are expected to take place
when nano-particles are in the immediate vicinity of each other in a near-field coupling
regime. [36]
While nano-particle based structures have been fabricated by chemical synthesis, electron
beam lithography, or self-assembly method, a fast and easy method is developed by laser
interference lithography (LIL) in this study. By carefully controlling the exposure time
during LIL exposure, the photoresist layer was patterned to be linear-chain like aggregates
rather than separated nano-dots. This was easily accomplished due to the double exposure
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nature of the LIL, which is discussed in Section 4.2.2 of Chapter 4. The dose contrast in
two directions during exposure is not equal; therefore, nano-dots in one direction will
have more probability to be connected if the dose in the other direction is adjusted exactly
to get separated nano-dots. The experimental result of the large area nano-chain array is




FIG. 5.7 SEM topography image of gold nano-chain array before annealing.
5.4.2 Annealing nano-chain to nano-dot
Before annealing, the Au nano-dots were linked together to form a nano-chain like
aggregated array and the length of such nano-chain was random because it depends on the
experimental parameters during a series of process steps including coating, exposure,
developing, and etching. After 800 °C annealing in nitrogen ambient for an hour, the gold
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coalesced into nano-dots and became more ball-like, as shown in Fig. 5.8. Meanwhile, the
diameters of nano-dots were reduced with the array period remaining the same. This is




FIG. 5.8 SEM image of gold nano-dot array after 8000C annealing in nitrogen ambient for
an hour.
Generally, the point-dipole model [38] for a metal nano-chain suggests the presence of
two SPR modes: a longitudinal mode along the chain axis and a transverse plasmon
resonance mode perpendicular to the chain-axis. The transverse modes are located around
the SPR position of a single-particle dipole mode (490 ~ 520 nm), and the position of the
longitudinal modes depend on the number N of aggregated particles. Based on the results
of theoretical calculations, those bands at 590, 685 and 796 nm can be attributed to the
longitudinal modes of different N-particle Au chain-like aggregates. [39]
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The optical properties of such gold nano-chain array were investigated by UV-Visible
spectra, as displayed in Fig. 5.9.





























 after 8000C annealing in N2
                  UV-Vis Spectra of 
Au nano-dots array before and after annealing
545 nm
FIG. 5.9 UV-Vis transmission spectra of gold nano-chain array before annealing and
nano-dot array after annealing.
Obvious multiple peaks can be observed at 490 nm, 564 nm and 678 nm in the pre-
annealing curve. The peak around 500 nm is the characteristic peak of gold material, with
the maximum intensity. Towards longer wavelengths, the intensities of the peaks become
weaker and the widths of the peak bands become larger. In addition, the whole pre-
annealing curve is not so smooth but consists of many tiny peaks, especially in the longer
wavelength regions. This observed broad SPR band is assumed to be the result of broad
size distribution and morphology discrepancy among the Au nano-dots. After high
temperature annealing, the linked nano-dots were separated and the roughness of the
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nano-dot surface reduced, thus leading to a smoother post-annealing curve. In addition,
the shoulder peaks at 564 nm and 678 nm have a slight blue shift to 545 nm and 631 nm,
respectively, which is in good agreement with previous reports that the wavelength of
surface plasmon resonance shifts to shorter wavelength regions when particle size
decreases and shape anisotropy reduces. [40, 41] While the intensities of the shoulder
peaks drop dramatically, the intensity of the peak around 500 nm rises. This obeys the
energy conservation law. The augmentation of intensity is attributed to the reduced
discrepancy of morphologies and dimensions of Au nano-dots after the annealing process.
It has been reported by Y. Yang et.al that the tuning of optical properties and SPR
frequency could be attained by controlling the length of such nano-chains. [42] The
comparison of the spectra for the nano-chain array before annealing and the nano-dot
array after annealing reveals that such nano-chain array could support multiple plasmon
resonance modes. The SPR wavelengths of the nano-chain array lie in the near infra-red
regime, which is greatly desirable for biological and optical communication applications.
5.5 SPR in bi-metallic nanostructure
In the nano-metric scale, bimetallic clusters in the form of either alloys or segregated
core-shell structures have opened a new research field to investigate the original optical
properties as compared to their constituents. So far, most studies in combining such
distinctive features have employed the chemical synthesis method, which has the
disadvantage of complicated chemical interaction procedures, low throughout, and low
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reproducibility. Moreover, it is difficult to vary independently the average size of the
nano-particles. In this study, bi-layer (Ni + Au/Ag) large-area metallic nanostructures
have been fabricated easily while the structure period could be tuned simply and flexibly,
and its optical properties have been studied.
5.5.1 Fabrication of bi-metallic nanostructure
The purpose of using Ni is to investigate the feasibility of Ni SPR in plasmonic
applications and provide some basic data to subsequent researches. Since the gold etchant
cannot etch the Ni metal, the LIL technique combined with wet etching method as
described in Chapter 4 was not used to fabricate Ni/Au or Ni/Ag bi-metallic layer.
According to Tineke Thio’s group from Princeton University [46], the light transmission
enhancement through a nano-structured metallic film depends only on the dielectric
properties of the in-plane metal surfaces within a skin depth, and is insensitive to the
material of the core. In other words, it is the metal within one skin depth of the surface
which determines the magnitude of the transmission enhancement. Therefore, the two
layers of Ni and Au/Ag metal with sufficient thickness (slightly larger than the skin depth
δ in the wavelength range of our spectra, we estimate from the published data that δ ≈ 30
nm for Ni, δ ≈ 23 nm for Ag and δ ≈ 28 nm [46].) were directly deposited onto the
photoresist patterns after LIL exposure and development. The flow chart of the fabrication
process is shown in Fig. 5.10.
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LIL exposure on photoresist layer
Quartz substrate cleaning
Positive photoresist S1805 coated
on quartz substrate
Ni/Au or Ni/Ag bi-metallic layers
deposited on photoresist patterns by
e-beam thermal evaporator
Nano-patterns achieved on
photoresist layer after development
FIG. 5.10 Process flow for fabrication of Ni/Au or Ni/Ag bi-metallic nanostructure
By this method, the photoresist patterns were covered by the Ni and, subsequently Au or
Ag layer as capping layer and it is the outside metal layers that mainly determined the
transmission properties. The overall thickness of the two metal layers exceeded 30 nm so
that the skin depth theory is effective. The cross-sectional view and top-view of the
experimental structure is displayed in Figs. 5.11 and 5.12 respectively.
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FIG. 5.11 SEM cross-sectional view of Ni/Au bi-layer nanostructure
FIG. 5.12 Top view SEM image of Ni/ Au bi-metallic nano-dot array
In the above cross-sectional view SEM image, the metal layer is limited to the zone
between the solid line and the dotted line. The wavy patterns on the sidewall are due to
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the vertical interference patterns on the photoresist during LIL exposure. By applying an
ARC (anti-reflection coating) layer, this effect could be eliminated. In this structure, the
Ni layer was designed to be under and covered by Au layer for the reason that Ni is very
easily to be oxidized in the air. The Au layer serves here as the capping layer to protect
the Ni layer from being oxidized. From Fig. 5.11, the pattens are not the strictly column,
but trapezoid, which makes the core diameter has big variances. This is because the
exposure and develop of the photoresist has some limitations, leaving the bottom part less
developed than the top part. If we use FWHM (Full Width at Half Maximum) to define
the core diameter, it should be around 400 nm.
5.5.2 SPR of Ni/Au bi-metallic layer nanostructure
In general, the thickness of the different metal layers and the period of the nano-structure
were changed to tune the optical properties. In the examination of the thickness effect, Ni
layer with a thickness of 35 nm and Au layer of 5 nm and Ni layer of 8 nm and Au layer
of 30 nm have been employed. Optical transmission measurements were performed with
the UV-Vis spectroscope in the incident wavelength range 400 nm ~ 1200 nm.
It was known that pure Ni clusters do not show any plasmon resonance band as predicted
by the Mie theory when the dielectric function for the clusters is taken as the Ni bulk one.
In contrast, for mixed (NixAu1-x) clusters, the surface plasmon resonances can be observed
in the same spectral range as that obtained for pure Au clusters but considerably
broadened. [43] Our UV-Vis spectra have a good agreement with this prediction as
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illustrated in Fig. 5.13. The dashed line is representative of the spectrum of the bi-metallic
nano-structure with Ni film thickness of 35 nm and Au layer of 5 nm. The solid line is
representative of the spectrum of the structure with Ni layer thickness of 8 nm and Au
film of 30 nm.
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FIG. 5.13 UV-Vis transmission spectra of Ni/Au nano-dot array films with different Ni
and Au film thickness (Au film as capping layer). Solid line: Ni film thickness of 8 nm
and Au layer thickness of 30 nm; Dash line: Ni film thickness of 35 nm and Au layer of 5
(b)
(c)
Ni (8 nm)/ Au (30 nm)
Ni (35 nm)/ Au (5 nm)
Ni (8 nm)/ Au (30 nm)
Ni (35 nm)/ Au (5 nm)
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nm. (a) The nano-dot array period is 850 nm as defined by the incident angle of LIL
exposure of 110. (b) Period is 720 nm with incident angle of 130. (c) Period is 630 nm
with incident angle of 150.
It can be noticed that the overall multiple resonances lie in the same range as that of the
pure Au film nano-structures. The resonance peak at 524 nm is attributed to the
characteristic peak of the gold metal. The other two resonance peaks at longer wavelength
are due to the interactions between the high modes of plasmons and the coupling between
surface plasmon polariton (SPP) and localized surface plasmon (LSP). The multiple
resonance bands in the spectra are clearly seen to be dominated by the covering Au layer.
No new peaks appear due to the Ni addition; however, the intensity and sharpness of the
peaks have been changed due to the addition of Ni.
An interesting phenomenon in this bi-metallic nano-structure is the damped and
broadened resonance peaks as compared to those of the pure noble metal Au structures.
When the Ni metal is in a small amount and Au is in a large amount (Ni ~ 8 nm, Au ~ 30
nm), the transmission spectra have sharp and narrow resonance peaks, as seen in the solid
curves in the spectra. However, with increasing the amount and thickness of the Ni film
(Ni ~ 35 nm) and decreasing the thickness of Au layer (Au ~ 5 nm), the resonance peaks
became damped, widened, and less sharp but no shift of the positions of the resonance
peaks have been observed, as shown by the dashed curves in Fig. 5.13. It is proposed that
when the proportion of Ni in the clusters is increased, the collective excitation of the
conduction electrons in gold is more and more mixed with those involving the sp-d
electrons in nickel, which results in the damping and broadening of the resonance peaks.
Their optical properties remain related to those of pure constituents indicating that the
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dielectric function of the mixed Ni/ Au system and those of nickel and gold are closely
correlated. [43]
The effects of the period of the nano-structures on the optical properties of such nano-
structure have also been investigated for period P = 850 nm, 730 nm and 620 nm; the
corresponding transmission spectra are shown in Fig. 5.13. In the LIL fabrication method,
large period means small incident angle, which will induce lower light intensities due to
the less intense laser beams interference. Therefore, the large period is accompanied by
larger particle size. The main feature in the period evolution is the red-shift and a slight
broadening of the resonance peaks with increasing period. The position shift of the
resonance can be attributed to the complicated interactions of the plasmon modes between
adjacent nano-particles. The broadening of the resonance band is due to enhanced
radiation damping for large particles. [44]
5.5.3 SPR of Ni/ Ag bi-metallic layer nano-structure
To double-check the conclusion on the Ni metal’s damping effect on resonances, Ni/ Ag
bi-metallic nano-structures have also been investigated and similar results were obtained
as displayed in Fig. 5.14, which further confirmed our analysis and conclusions. It can be
noticed that the SPR peaks have alomost the same positions in the spectral range for both
nano-structures: thick Ni layer with thin Ag layer and thin Ni layer with thick Ag layer.
No new peaks appear due to the addition of Ni but the Ag material and the periodical
array nano-structures determine the positions of the SPR peaks.
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FIG. 5.14 UV-Vis transmission spectra of Ni/Ag nano-dot array films with different Ni
and Ag film thickness (Ag film as capping layer). Solid line: Ni film thickness of 8 nm
and Ag layer thickness of 30 nm; Dash line: Ni film thickness of 35 nm and Ag layer of 5
nm. (a) The nano-dot array period is 850 nm as defined by the incident angle of LIL
exposure of 110. (b) Period is 720 nm with incident angle of 130. (c) Period is 630 nm
with incident angle of 150.
With a small amount of Ni (8 nm), the SPR peaks are mainly dominated by Ag layer (30
nm), thus the peaks are sharp and obvious. In contrast, with a larger amount of Ni (35 nm),
the SPR peaks are dominated by both the covering Ag layer (5 nm) and the core Ni layer.
Therefore, the SPR peaks become damped and less sharp. Moreover, narrower resonance
bands were found in the spectral of the mixed Ni/Ag clusters compared to Ni/Au clusters.
It was reported by Lee and El-Sayed [45] that a smaller imaginary dielectric function of
the metal and a steeper gradient of the real part with wavelength would result in a
narrower bandwidth. Ag would offer a sharper plasmon resonance bandwidth as a result
(c) Ni (8 nm)/ Ag (30 )
Ni (35 nm)/ Ag (5 nm)
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of its smaller imaginary dielectric constant compared to either Au or Ni over the visible
wavelength range.
It can be concluded that Ni would not create new SPR peaks but affect the intensity and
sharpness of the SPR peaks of the other alloy metals. The addition of Ni would broaden
the SPR peaks of gold or silver. With the increasing thickness of Ni thin film, the SPR
peaks were damped more.
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CHAPTER 6  
CONCLUSIONS 
 
This chapter summarizes the results of the research work presented in the previous 
chapters. Contributions of the work are reviewed and some suggestions for future work 




The research conducted in this thesis is concentrated on the tuning of surface plasmon 
resonances and the optical properties of metallic nano-structures. Laser interference 
lithography (LIL) technique has been used to fabricate large area periodic metallic nano-
structures. A novel and flexible method of tuning the nano-structure shape has been 
developed by adjusting the rotation angle between two exposures. The main contributions 
and results can be summarized as follows:  
1. Up to millions of periodic nano-features are fabricated by laser interference 
lithography on thin metallic film over large areas in a few minutes. This 
patterning technique increases the throughput of nano-metric scale structures 
compared to chemical synthesis methods and reduces the cost in nano-structure 
fabrication compared to electron-beam lithography (EBL) and ion-beam 
lithography. 
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2. The flexible tuning of the period of the nano-array and the size of the nano-
features has been realized by adjusting the incident angle of the LIL exposure and 
controlling the exposure and development time. This type of tuning also has good 
stability and reproducibility due to the easy control in the parameters of the laser 
system. 
3. The rod-to-dot morphological shape transformation has been achieved by tuning 
the rotation angle between two LIL exposures. Generally, this LIL-induced shape 
tuning does not need any increase of the complexity of the fabrication procedures 
and can realize the high uniformity in shape adjustment over a large area.  
4. The effect of surface conditions on the plasmon resonance has been investigated. 
The optical properties of metallic films with rough surface and regular surface 
features have been compared. It is concluded that surface roughness could support 
the characteristic resonance of the metal material, and the regular gratings could 
support the interactions and coupling between localized surface plasmons of 
adjacent particles, which results in the emergence of new resonance peaks in the 
visible wavelength range.  
5. Multiple resonance peaks in the near infra-red regime are excited by the 
periodical nano-feature array structures. Nano-chain array, nano-rod array, and 
nano-dot array are all regarded as the mixed localized/ propagating systems, 
which support the coupling between the surface plasmon polariton (SPP) and 
localized surface plasmons resonance (LSPR). 
6. Thermal annealing effect as a novel approach in tuning surface plasmon 
resonance (SPR) positions has been demonstrated. High temperature annealing 
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could improve the smoothness of the surface of the structure, slightly reduce the 
particle size and make them shrink to be in a more ball-like shape. Therefore, 
thermal annealing effect could result in the resonance shift by tuning the size and 
roughness of the particle, as well as enhance the resonance’s intensity according 
to energy conservation law. A paper on this result has been accepted by the 
journal: Applied Physics A. 
7. A magnetic metal material, nickel, was employed to investigate its optical 
properties. The damping and broadening effects of nickel in the resonance band of 
Ni/Au or Ni/Ag mixed clusters have been confirmed. Since research have seldom 
been performed on nickel, this investigation would open a new window to tune 




6.2 Suggestions for future work 
 
There are some suggestions for future studies and applications of the studies presented in 
this thesis.  
1. Increase the power of the laser employed in laser interference lithography (LIL) 
system to extend the fabricated area. Some adjustments of the Lloyd’s 
interferometer setup are necessary to reduce the intensity non-equality between 
the original beam and the reflected beam. By enhancing the beam interference 
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contrast, the resolution of the lithography can be expected to be improved down to 
sub-150 nm dimensions.             
2. Dry etching with anisotropic characteristic is necessary to transfer patterns from 
photoresist to thin metal films. Wet etching is difficult to control and therefore, is 
difficult to realize straight sidewalls. Moreover, wet etching is only limited to the 
metals that have corresponding chemical etchants, which greatly hinders the 
extensive research of various metal materials. Reactive ion etching is a powerful 
dry etching method. It has the advantages of getting steep sidewalls of nano-
structures in metal films, and also flexibility in metal material selection compared 
to chemical etching.  
3. Magnetic plasmonic characteristic of magnetic metal material (e.g., nickel) still 
needs further investigations to have a clear understanding of the inherent relations 
between magnetos and plasmons. Future work may focus on the surface plasmon 
resonance tuning by magnetic field.  
4. More metal materials may be employed in bi-metallic nano-structures to study the 
mechanisms of plasmon modes.  
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